SUMMARY An electrogram was recorded from the angioplasty catheter guide wire when coronary blood flow was interrupted in 20 patients undergoing percutaneous transluminal coronary angioplasty. Monophasic action potentials were recorded from the right ventricular septum together with the routine electrocardiogram. The patients were studied during angioplasty for lesions in the left anterior descending (12), circumflex (3), and right coronary arteries (6). ST elevation in the electrogram recorded in the left anterior descending and circumflex systems was usually more obvious than that in the electrocardiogram. Signals obtained from the right coronary artery were of very low amplitude and registered only minimal ST changes. The ST elevation developed in the electrogram during insertion ofthe catheter before inflation of the balloon in 1 1 of the 15 patients undergoing angioplasty of the left system. In eight of the patients showing preinflation ST elevation the ST shift lessened after successive inflations. Monophasic action potential recordings were obtained during 45 balloon inflations in 19 patients. In those patients undergoing angioplasty for lesions of the circumflex coronary artery the monophasic action potential showed no change during balloon inflation. In patients undergoing angioplasty for the right coronary artery the mean normalised duration at 60 seconds' occlusion was 99-6 (1 5) % of control. Ofa total of 25 occlusions in the patients undergoing angioplasty for the left anterior descending coronary artery 19 showed shortening of < 5%, five showed shortening between 5 and 10%, and one showed a shortening of 16A4% in the monophasic action potential. The QT interval was satisfactorily measured in the electrogram during 36 balloon inflations, and in 24 of these it was also measured in the electrocardiogram. QT changes in the electrogram tended to be the opposite of those in the electrocardiogram. When changes in RR interval were minimal (< 20 ms) during the balloon inflation 14 of 17 electrograms showed QT prolongation but only one of 12 electrocardiograms showed prolongation. Conversely one of 17 electrograms showed shortening compared with eight of 12 electrocardiograms. There was angiographic evidence of the development of collaterals in six of 15 patients undergoing angioplasty of the left system. ST segment elevation in both the electrogram and electrocardiogram was less pronounced in these patients than in those without evidence of the development of collaterals.
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ST segment changes recorded from the angioplasty guide wire provide a more sensitive index of ischaemia than the surface 12 lead electrocardiogram, and a fall in ST segments on balloon deflation is a prognostic index of a good angiographic result in the left anterior descending and circumflex arteries, but not in the right coronary artery.
The epicardial electrogram during balloon angioplasty Ever since Einthoven either did or did not invent the string galvanometer' the electrocardiogram has played a fundamental role2 in the detection of myocardial ischaemia. Although a mainstay for on line monitoring it may be relatively insensitive to the early phase of ischaemia. The very earliest electrophysiological changes of ischaemia tend to be local to the causative lesion.3 The initial area affected therefore tends to be small. Solid angle theory predicts that an electrode for recording an electrocardiogram would need to be placed very close to the lesion in order to identify any ischaemic changes.4" This is not usually possible and the ischaemic changes that are eventually picked up by the routine electrocardiogram reflect more progressive and extensive ischaemic changes; the original local change being silent in the electrocardiogram.
The electrocardiogram is routinely used to monitor patients during percutaneous transluminal coronary angioplasty. ST segment changes are often seen during the sudden transient interruption of coronary artery blood flow when the balloon is inflated. The accuracy with which this measures the degree of ischaemia is, however, questionable. As indicated above, a recording site closer to the myocardium would be expected to register earlier changes.
The monophasic action potential recorded directly from the myocardium has been shown to provide a highly sensitive index of ischaemia.67 Monophasic action potentials recorded during angioplasty from the left ventricular endocardium in the potentially ischaemic zone registered ischaemic changes in advance of the electrocardiogram in selected patients.8 However, depending on the site of the lesion and the individual anatomy it may not always be technically possible to gain access to the centre ofa potentially ischaemic zone with a catheter electrode for measuring an endocardial monophasic action potential. 9 The tip of the guide wire used for angioplasty, however, lies close to the lesion. It has been shown that electrical signals may be transmitted via this wire thus enabling an epicardial electrogram to be recorded."' An electrogram recorded by this means has the advantage of recording near the myocardium from the territory whose native circulation is the artery undergoing angioplasty.
ST changes in the intracoronary electrogram occur in most patients during angioplasty and are generally more obvious than in the electrocardiogram." 2 In addition, preliminary results showed that assessment of ST segment changes in the electrogram recorded from the angioplasty guide wire during periods of balloon deflation between successive occlusions provided evidence of a good angiographic result 343 when any initial ST elevation had subsequently been reduced by 50% at the end of the procedure.'2 However, it is likely that any ST segment changes in the electrogram will be influenced by the development of collaterals and the dynamic behaviour of local collateral vessels in response to the ischaemic challenge and intermittent reperfusion. Furthermore, the closeness of the recording electrode to the myocardium would be expected to make it especially sensitive to the local dispersion of action potential amplitude and duration that is characteristic of early ischaemia. This may well, therefore, result in differences in the manifestation of early ischaemic change such as the ST segment and QT interval in the electrogram and the electrocardiogram. We studied simultaneous electrographic and electrocardiographic changes in the ST segment and QT interval during routine angioplasty and have related these changes to angiographic evidence of the development of collaterals.
Patients and methods
Recordings were made of the epicardial electrogram, right ventricular endocardial monophasic action potential, and the routine electrocardiogram in patients undergoing angioplasty for the relief of angina.
PATIENTS
Twenty patients were selected at random from the waiting list (table 1) . Twelve were undergoing angioplasty ofthe left anterior descending coronary artery, three ofthe circumflex coronary artery, and six of the right coronary artery. One patient underwent angioplasty of both a left anterior descending and right coronary artery lesion. ST segment shift in the electrogram and electrocardiogram was measured at 60 ms after the J point. These data were displayed and presented in millimetres rather than millivolts as these represent the changes normally seen by the operator and used to monitor the procedure. A millivolt scale is included.
The QT interval was measured only in those records where the end of the T wave could be clearly defined. The QT measurements are presented (uncorrected for rate) with respective RR intervals.
The duration of the monophasic action potential was measured at 90% repolarisation by drawing a .fpicaria .Icrogram$T segment LAD 345 tangent to the steepest part of the slope. These data were normalised to take account of differences in heart rate between patients. The angiographic result was assessed as good or moderate by visual inspection at the time of the procedure. The result was classified as good when the residual stenosis was < 20% and moderate when the residual stenosis was between 20% and 50%.
Results

ST SEGMENT
An ST segment shift in the epicardial electrogram was invariably upwards-that is ST elevation. In the electrocardiogram, ST shift was either up or downthat is elevation or depression depending upon the orientation of the lead position.
Most patients undergoing angioplasty of the left anterior descending or circumflex coronary arteries showed ST changes in the epicardial electrogram during the procedure (fig 1) . These ST changes were usually more conspicuous than in the routine electrocardiogram and sometimes spectacular. In two of 13 patients ST changes were consistently seen in the electrogram when no ST shift occurred in the electrocardiogram. In two of the 13 patients ST changes developed in the electrocardiogram in the absence of either any change (patient 6) or minimal change (patient 13) in the electrogram. The elec- Taggart, Sutton, John, Hayward, Swanton trogram recorded from the right coronary artery (six patients) yielded a signal ofvery low amplitude with a poorly defined T wave and showed either small or no changes in the ST segment during angioplasty.
The ST elevation in the electrogram developed during insertion ofthe catheter before inflation of the balloon in 11 of the 15 patients undergoing angioplasty of the left anterior descending artery or circumflex coronary artery (fig 2) . Figure 3a shows an example. In eight of the 11 patients showing preinflation ST elevation, the ST shift lessened after successive inflations. The electrocardiogram lead selected for monitoring during the procedure that we studied was the one we considered most likely to show changes according to the site of the vessel undergoing angioplasty ( )kitfVJAJI&X The epicardial electrogram during balloon angioplasty 
Data are given separately for first, second, third, and all inflations and subdivided into those patients with angiographic evidence of collaterals and those without.
and routine electrocardiogram. We were able to measure the QT interval satisfactorily in 36 balloon inflations in the electrogram and in 24 of these occasions in the electrocardiogram. In the one patient in this group who was paced (patient 5) the QT interval in the electrogram consistently lengthened during successive balloon occlusions whereas in the electrocardiogram there was progressive shortening of the QT interval. A similar disparity was seen between the QT interval in the electrogram and electrocardiogram on the occasions when only minimal changes in cycle length occurred (table 2) .
CORRELATION WITH ANGIOGRAPHIC EVIDENCE OF THE DEVELOPMENT OF COLLATERALS Figure 2 and table 1 show the angiographic evidence of collateral blood flow to the area of myocardium normally supplied by the vessel undergoing angioplasty. Six ofthe 15 patients showed clear evidence of the development of collaterals to the compromised area of myocardium. The ST segment elevation in both the electrogram and the electrocardiogram was considerably less pronounced in those patients with evidence of the development of collaterals than in those without. The size of the change in the electrogram was twice that in the electrocardiogram (table 4) . Furthermore, the initial ST elevation in the electrogram was less pronounced when the deflated balloon was in place across the stenosis before the first balloon inflation in those patients with well developed collaterals than in those without (table 3) .
CORRELATION WITH THE RESULT OF THE PROCEDURE
Ten ofthe 15 patients undergoing angiography ofthe left system were classified as having a good angiographic result and five as having a moderate result (table  2, fig 2) . Table 4 shows that patients with a high initial ST elevation in whom a good result was Balloon inflated 30s Taggart The epicardial electrogram during balloon angioplasty Measurements of the QT interval in the electrogram showed little correlation with the electrocardiogram; this is not unexpected because the angles subtended at the respective electrode recording sites are very different. Some of these differences may be due to the known patchy nature of ischaemia and localised differences in collateral response. It is also difficult to analyse the small changes in QT interval because the heart rate in the patients, who were not paced, was variable. We agree that rate correction of the QT interval is inappropriate and may be misleading.""'5 Bazett's correction,"6 and other formulas'7 are intended to compensate for physiological variation in heart rate. However, the relation between QT interval and heart rate depends not only on the instantaneous interval between beats but also upon the variation in the heart rate during the preceding 2-3 minutes.'5 In addition it is affected by other factors such as autonomic tone.'8 The QT interval is known to increase in ischaemia owing to increased dispersion of action potentials. In most patients in whom the heart rate was steady during the sequence of balloon occlusion the QT interval was prolonged although this was not inevitably the case. This again is possibly because of differences in local microcirculatory tone.
Recordings of monophasic action potential correlated with the repolarisation phase of the underlying transmembrane potential.'`2' Changes in action potential duration are a sensitive index of the early electrophysiological changes produced by regional myocardial ischaemia. The monophasic action potential characteristically records electrical events occurring within a radius of 2-3 mm.2' 2 This localised nature of the recordings is one of the main advantages of monophasic action potential recordings over electrograms and electrocardiograms. Though the monophasic action potential recording was close to the area of intervention in most patients the monophasic action potential did not register any ischaemic change. This indicates the limited extent of the ischaemia during the 60 second angioplasty occlusion.
The localised zone of initial ischaemia also accords with the relatively greater ST shift seen in the electrogram than in the electrocardiogram. Angiographic evidence of the development of collaterals seemed to influence the ST segment in the electrogram.
When the deflated balloon was positioned across the stenosis ST elevation was often seen in the electrogram in those patients without evidence of the development of collaterals, but there was little or no ST elevation when collaterals were present, except in one patient. The presence of collaterals seemed to lessen the degree of ST elevation in the electrogram associated with balloon inflation. After angioplasty 351 when the deflated balloon was still in position across the stenosis we often saw residual ST elevation in patients with no evidence of collaterals but it was usually only slight when collaterals were present.
Undoubtedly, the relative sizes of the deflated balloon and the patent diameter of the stenotic areas will have influenced the above results. After angioplasty these relative sizes will be more disparate in patients with a good result than in patients with a moderate result. Residual ST elevation was less pronounced in patients with a good result than in patients with a moderate result (table 3) .
In one patient T wave alternans developed that was obvious in the electrogram but not seen in the electrocardiogram or monophasic action potential ( fig 6) ; this shows that alternans can be a local phenomenon and can be silent in the electrocardiogram. It is reasonable to assume that the altemans of the T wave in this patient reflects alternating local differences in action potential duration. Altemans has been shown to be arrhythmogenic in the presence of ischaemia by various mechanisms including triggered activity and re-entry.2324 In our patient ventricular extrasystoles were common when altemans was present but not in its absence. The truly local nature of this altemans is highlighted by the persistence of the sequence ofchanges in T wave amplitude when ventricular extrasystoles intrude and the activation vector is altered.
We conclude that in patients undergoing angioplasty the electrophysiological changes occurring within the myocardium during a 60 second balloon inflation sequence are usually very localised. These changes are thereby more obvious in an electrogram recorded directly from the area than in the more distantly placed electrocardiogram. The signals obtained from the right coronary artery are of low voltage and do not yield a useful record unlike those from the left system. The usual absence of changes in the monophasic action potential when the recording electrode was in the area supplied by the vessel undergoing angioplasty further emphasises the very local nature of the ischaemic changes. The local nature of the electrogram signal is further supported by the presence in one patient of electrical altemans that was silent in the electrocardiogram and monophasic action potential. The QT interval in the electrogram did not correlate with the QT interval in the electrocardiogram. The resting ST segment in the electrogram and the shift associated with balloon inflation seemed to be influenced by angiographic evidence of collaterals. Finally, the intracoronary electrogram in the left system provides useful access for the electrophysiological recording of early ischaemic events, which may be useful in certain patients during angioplasty and may have a research application.
